INTRODUCTION
The accumulation and maintenance of genetic diversity is a key topic in conservation genetics. A species' life history, particularly its reproductive behaviors (i.e. mating system [Nunney 1993 ], age/size-dependent effects on fecundity and offspring quality [Berkeley et al. 2004] , degree of parental care), can have a significant effect upon genetic diversity. Ecological effects (e.g. Cushing's [1990] match-mismatch hypothesis) can also significantly influence levels of genetic diversity, perhaps leading to large discrepancies between census and effective population sizes (sensu Hedgecock 1994) . As such, all of these parameters should be included in management plans to conserve genetic diversity in populations that are under intensive exploitation or declining due to habitat degradation and/or climate change.
Of the 8 subfamilies of the scorpionfish family Scorpaenidae, viviparity is confined to the subfamily Sebastinae, with the genus Sebastes the most advanced. At parturition, Sebastes larvae are primitively developed (e.g. pre-flexion yolk-sac stage with limited swimming ability) in comparison to other live-bearers (e.g. embiotocids, poeciliids, and most sharks). However, this compromise between maternal investment (Boehlert & Yoklavich 1984) and high fecundity results in broods of comparable size to oviparous, broadcastspawning fishes (i.e. 1000s to at least 2.7 million larvae; Moser 1967 , Love et al. 2002 , while avoiding the period of greatest mortality (i.e. egg and early larval stages). Most species produce a single brood annually, ABSTRACT: The understanding of mating systems is key to the proper management of exploited species, particularly highly fecund, r-selected fishes, which often show strong discrepancies between census and effective population sizes. The development of polymorphic genetic markers, such as codominant nuclear microsatellites, has made it possible to study the paternity of individuals within a brood, helping to elucidate the species' mating system. In the present study, paternity analysis was performed on 35 broods, representing 17 species of the live-bearing scorpaenid genus Sebastes. We report on the finding of multiple paternity from several species of Sebastes and show that at least 3 sires can contribute paternity to a single brood. A phylogenetically and ecologically diverse sample of Sebastes species was examined, with multiple paternity found in 14 of the 35 broods and 10 of the 17 examined species, we suggest that this behavior is not a rare event within a single species and is likely common throughout the genus. Despite high variance in reproductive success, Sebastes spp., in general, show moderate to high levels of genetic diversity. We suggest that multiple paternity may be a form of bet hedging that serves to maximize genetic diversity within broods and that, regardless of the selective value at the level of individual fitness, the net effect at the population level may be a genetic buffer to the consequences of severe overexploitation.
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Resale or republication not permitted without written consent of the publisher though a few species, mainly within the Southern California Bight, show evidence of multiple annual broods (e.g. S. paucispinis) (Moser 1967) . Despite both high fecundity and enhanced larval survivorship, Sebastes spp. still suffer high levels of larval mortality, resulting in highly variable recruitment success (i.e. dominant year-classes occurring only once per decade; Tolimieri & Levin 2005) . The genetic diversity within these dominant year-classes may represent a disproportionate contribution from a very small subset of the spawning females (sensu Hedgecock 1994) . Though at the population level this bias is likely ameliorated by the long reproductive lifetimes of these fishes (e.g. de Bruin et al. 2004) , this buffer may be diminished by the dramatic truncation of age distributions caused by current levels of exploitation (Love et al. 1998) .
Of the 100+ Sebastes species, courtship behavior has been formally described for only two, S. inermis and S. mystinus, a demersal and a semi-pelagic species, respectively (see Love et al. 2002) . Anecdotal observations of S. melanops and S. miniatus have been reported in Love et al. (2002) . In all cases, an elaborate courtship dance is performed by the male in an attempt to entice the female; however, the ultimate decision to mate resides with the female. Despite the practice of mate choice, both females and males of S. inermis have been observed mating with multiple partners, suggesting a polygynandrous mating system in these fishes.
Unlike the closely related Helicolenus dactylopterus (Muñoz et al. 2000) , no sperm storage structure within the ovaries has been found in the examined species of Sebastes. However, the asynchrony between mating, hormonal changes (Mori et al. 2003) , maturation of oocytes, and the development of embryos, as well as the finding of both free-swimming and embedded spermatozoa in the ovaries, suggests that sperm are stored in some manner and that insemination may precede fertilization by up to 6 mo (Moser 1967 , Takahashi et al. 1991 .
Observation of females engaged in multiple mating events with different males leads to the question: Can multiple males sire offspring within the same brood? To address this question, we examined broods from both captive and wild populations of several species.
MATERIALS AND METHODS
Sample collection. Aquarium studies: Broods from captive populations of grass Sebastes rastrelliger and yelloweye rockfish S. ruberrimus, both species that are subject to heavy exploitation by commercial and recreational fisheries, were examined in detail to determine patterns of paternity. These captive populations were composed of 12 grass rockfish, maintained at the Southwest Fisheries Science Center experimental aquarium (La Jolla, CA), and 80 yelloweye rockfish, maintained in an exhibit at the Oregon Coast Aquarium (Newport, OR). All fish in both populations were captured, individually tagged (i.e. PIT or Floy T-Bar tags), measured, and had tissue samples taken from the caudal end of the anal fin. Tissue samples were stored in 95% undenatured ethanol. Both populations contained an equal mixture of both sexes, and all fish were assumed to be reproductively mature based upon published size-maturity relationships (Love et al. 2002) .
Gravid females were identified visually by their distended abdomens and were placed in isolation tanks until parturition to ensure that all collected larvae could be correctly associated with the mother. After parturition, larvae were randomly collected from the tank and stored whole in 95% undenatured ethanol. All samples from Sebastes rastrelliger were collected over a 2 yr period (2000 to 2001), from 4 broods of similar size (~400 000 larvae), produced by the same female. The broods from S. ruberrimus were collected during a single season from different females.
Wild-caught fish: Samples from wild populations were collected opportunistically using various methods (i.e. otter trawl, pole spear, hook and line) and selected to represent a phylogenetically diverse sample of species (sensu Hyde & Vetter 2007) . Specimens were identified to species level using Love et al. (2002) . In total, 28 gravid females and associated larvae, representing 16 species, were selected for analysis. A portion of the adult fish's pectoral fin was preserved in 95% undenatured ethanol. In most cases, barotrauma caused by overexpansion of the swim bladder caused forced expulsion of larvae upon capture. These larvae were mixed to provide a representative sample of the brood and preserved in mass in 95% undenatured ethanol. In some cases, whole ovaries were excised and larvae were sampled from the anterior, middle, and posterior parts of each ovary.
DNA extraction. For all adults and the larvae of the wild-caught fish, DNA was extracted by a Proteinase K digestion followed by nucleic acid separation and purification using a LiCl:chloroform protocol and subsequent ethanol precipitation (see Hyde & Vetter 2007) . DNA pellets were resuspended with 0.1× Tris-EDTA (TE) buffer (pH 8.0); quantity and quality were assessed via UV spectrophotometry, and 100 ng µl -1 working stocks were prepared by dilution in 0.1× TE. In order to expedite the analyses of multiple paternity from wild-caught fish, 100 randomly sampled larvae were co-extracted in a single extraction. For larvae from the aquarium husbandry studies, a Chelex (BioRad Laboratories)-based boiling protocol (see Hyde & Vetter 2007 ) was employed using a single, whole larva for each extraction. All DNA extractions were stored frozen at -20°C pending analysis.
PCR amplification of microsatellites. Microsatellite loci were chosen from the libraries developed by Westerman et al. (2005) (Sra5-9.1, Sra7-2.2, ) and GomezUchida et al. (2003) (Spi4, Spi6, Spi10). All fish within the captive populations were genotyped at 6 (Sebastes rastrelliger) or 8 (S. ruberrimus) microsatellite loci (see Table 1 ). For wild-caught specimens, the goal of the study was to identify instances of multiple paternity rather than the assignment of paternity to an individual, so only 5 loci were surveyed. As Neff & Pitcher (2002) showed that multiple paternity can be detected with > 90% probability using as few as 2 mildly polymorphic (e.g. 5 alleles) loci on samples of > 20 larvae, it was expected that our use of 100 larvae and 5 loci was sufficient to address this issue. All loci were amplified by polymerase chain reaction (PCR) following the conditions described in Gomez-Uchida et al. (2003) and Westerman et al. (2005) . Fluorescently labeled PCR products were separated by size via electrophoresis through either a 6% polyacrylamide gel (using an ABI 377XL automated sequencer) or capillaries filled with POP-7 polyacrylamide polymer (using an ABI 3130XL Genetic Analyzer). All samples were run with an internal size standard (ROX 500) and scored using Genemapper v3.7 software (Applied Biosystems). To control for size-calling variance between runs and machines, reference samples were included within each PCR and genotyping batch.
Determination of paternity. Paternal alleles were deduced by subtraction of the maternal alleles from each larval genotype. Paternity of larvae from the aquarium husbandry studies was assigned by comparison of deduced paternal alleles to the genotypes of potential sires using Cervus v2.0 (Marshall et al. 1998) . Cervus assigns paternity by exclusion of individuals with mismatching genotypes. In cases where there remain 2 or more possible sires for an individual, a likelihood-based probability is used to assign the most probable sire. In all instances in this study, larvae were unambiguously assigned to a single sire by genotype exclusion alone.
For wild-caught specimens, paternal alleles were deduced by exclusion of maternal alleles as before, with the presence of 3 or more paternal alleles, at any locus, coded as a positive finding of multiple paternity. As the genotypes of the potential sires in the wild populations were unknown, the measure of paternity by this method is conservative, providing only a minimum estimation of the number of sires. For example, if sires share alleles with each other or with the mother it is possible to have instances of multiple paternity Table 1 . Sebastes spp. Number of paternal alleles detected at each locus after subtraction of the maternal alleles, the deduced sires, and their percentage of paternity of the examined larvae. N/E: microsatellite loci not examined; ID: identification sequence within a brood while only detecting 2 or fewer paternal alleles at any locus. Modeling the effect of multiple paternity on the inbreeding coefficient and genetic diversity. To examine the potential effect of multiple paternity on the genetic diversity of a brood, we resampled genotypic data from several fish in our aquarium husbandry studies. Genotypic data, from the pairing of a female with each of the implicated breeding males, were sampled with replacement for 1000 iterations and used to construct composite offspring genotypes. The genotypes of these 'pseudo-larvae' were then tested in every possible combination, considering the number of sires of a brood and assuming equal levels of paternity for all males. The inbreeding coefficient, F IS (Weir & Cockerham 1984) , and the number of alleles present at each locus were determined using GenePop v3.4 (Raymond & Rousset 1995) . Means and the standard deviations of F IS (see Fig. 2 ) and total allele number across all loci (see Fig. 3 ) are presented for up to 4 (Sebastes rastrelliger) or 5 (S. ruberrimus) sires.
RESULTS

Aquarium husbandry studies
As seen in Table 1 , >1 father was identified in Broods 3 and 4 of Sebastes rastrelliger. The finding of 3 fathers in Brood 3 supports the assertion of Neff & Pitcher (2002) that multiple fathers can be detected with low sample size (n = 11 of approximately 400 000 larvae). Similarly, for the S. ruberrimus broods, it was found that multiple males contributed to the paternity of a single brood (see Table 1 ). In all cases, broods that were positive for multiple paternity showed unequal paternal contribution, with a skew towards a single male.
Wild-caught specimens
All wild-caught females and larvae were successfully genotyped at 4 or 5 loci. As 100 larvae were pooled and coextracted, the resulting allelogram represented all alleles at each locus within a brood, with no quantification as to the number of larvae with a particular genotype. After subtracting the maternal alleles from this composite genotype, the number of paternal alleles was counted.
If > 2 paternal alleles were found at any of the 5 analyzed loci, the brood was scored as positive for multiple paternity. As stated previously, this is a conservative assay for multiple paternity as shared alleles between dam and sire, as well as between different sires, can easily mask the true number of sires (see Table 1 to compare the number of deduced paternal alleles at each locus with the number of sires found in the aquarium studies). Of the 28 wild-caught individuals, representing 16 species, broods from 9 species showed evidence of multiple paternity (see Table 2 ). rastrelliger]), in the northeast Pacific (see Fig. 1 ). However, due to the limited number of individuals examined within individual species, we were unable to estimate the frequency of this behavior in natural populations. Ng et al. (2003) found evidence for multiple paternity in Sebastiscus marmoratus, an appropriate outgroup for Sebastes (Hyde & Vetter 2007) , suggesting that this may be a pleisiomorphic trait and that examination of additional species within the genus and subfamily will likely yield additional occurrences of this behavior. However, species within the genera Helicolenus and Hozukius should be examined to determine the pleisiomorphic state with certainty.
DISCUSSION
This finding begs the question as to the possible advantages gained through mating behaviors that result in multiple paternity. This can be considered from the point of view of both individual reproductive fitness and the subsequent consequences on population level genetic diversity. Rockfish females seem to gain no direct material (e.g. food and shelter) or protective (e.g. egg guarding by males) benefits from the mating event, gaining little more than gametes. This contrasts with other animals such as birds, where females often gain material benefits (e.g. access to male's territory or shelter, food, protection) through mating.
Numerous studies, in mostly K-selected organisms, have suggested that the choice of a high-quality mate may confer enhanced reproductive fitness on the female. However, in r-selected marine species that produce large quantities of progeny, most of which die at early life stages, chance and environmental matching (sensu Cushing 1990) is thought to play the greatest role in subsequent reproductive success. Under these environmental constraints, bethedging to match unpredictable environmental conditions may be an important component of reproductive success. In the present study, we consider a few ideas that may have direct bearing on Sebastes spp. and give a few examples where benefits of these strategies have been realized in other taxa.
Genetic diversity
Enhancement of genetic diversity is a particularly compelling theory to explain this trait in r-selected species. Though direct comparison of allelic diversity at selectively neutral loci does not represent the true extent of phenotypic variation possible within a population, estimates of genetic diversity using these markers may act as a proxy for assessing the potential for adaptive variability within a population. Using genotypic data from our captive populations, we show that the average number of alleles in a single brood, across all microsatellite loci examined, increases significantly when the brood is the result of multiple sires (see Fig. 2 ). Though our simulation is based upon a possibly unrealistic assumption of equal paternity among sires, even broods with a strong skew toward 1 sire will show increased diversity, though the magnitude may be dampened. Such increases in diversity may ameliorate the negative effects on genetic diversity that are possible with sweepstakes recruitment. Beyond the direct benefits of increased diversity, several indirect benefits relevant to Sebastes spp. have been realized by other taxa (i.e. increased schooling competence and predator avoidance [Evans & Magurran 2000] and resistance to parasites [Baer & Schmid-Hempel 1999] ).
Inbreeding depression
Inbreeding depression, the loss of genetic heterozygosity in a population as a result of related individuals mating, can have profound effects upon reproductive success and subsequent conservation and management strategies of exploited species. By resampling the genotypic data from our captive populations we modeled the change in the inbreeding coefficient of a brood (F IS ) when multiple sires were present (see Fig. 3 ), showing that F IS tends toward zero with increasing number of sires. Given the remarkable site fidelity (Mitamura et al. 2002) , lack of movement of adult rockfish, and low geographic dispersal of larvae in some demersal species , there is a reasonable concern for inbreeding.
Population ramifications
Under ideal conditions, the effective (N E ) and census population sizes (N C ) should be equal. However, several factors may act to decrease N E (e.g. unequal sex ratio, mating system, age/size-biased reproductive success, overlapping generations, and populations that experience a high variance in reproductive success). Hedgecock (1994) showed that sweepstakes recruit- (Hauser et al. 2002) , red drum Sciaenops ocellatus (Turner et al. 2002) , canary Sebastes pinniger (Gomez-Uchida 2006) and darkblotched S. crameri rockfish (Gomez-Uchida & Banks 2006), and Atlantic cod Gadus morhua (Hutchinson et al. 2003) have shown similar discrepancies of 3 to 5 orders of magnitude.
The studies of Hauser et al. (2002) and Hutchinson et al. (2003) found that despite populations in the millions, heavy fishery exploitation over the past 50 yr had caused a significant decline in both N E and genetic diversity. This disparity was due to the large difference between N E and N C in these species, requiring large census population sizes (i.e. millions to 10s of millions) to maintain N E at a level that would preserve long-term genetic diversity. This realization suggests that many of the world's exploited species may have already undergone similar reductions in genetic diversity and perhaps adaptability due to the intense levels of exploitation over the past 50 to 100 yr.
Interestingly, in a study of the heavily over-fished canary rockfish Sebastes pinniger, Gomez-Uchida (2006) did not find a reduction in genetic diversity from samples spanning 31 yr. This finding may be due in part to the lack of samples from the pre-or early exploitation period, as well as the greater lifespan of canary rockfish (~75% greater than Hauser et al.'s [2002] fish), a life-history trait that could temporarily dampen the effect of overfishing on genetic diversity. Though canary rockfish were not assayed in the present study, the occurrence of multiple paternity in this species could serve as a buffer against loss of genetic diversity.
Multiple paternity creates broods with more possible genetic combinations than possible with single father parentage, aiding in the maintenance of genetic diversity and preventing the loss of rare alleles (Waples 1987) within populations that undergo sweepstakeslike recruitment. Interestingly, Gilbert-Horvath et al. (2006) found no evidence for genetic heterogeneity between individual recruitment pulses of young-of-theyear and adult populations of kelp rockfish Sebastes atrovirens, a species shown in the present study and that of Sogard et al. (2008) to practice multiple paternity. The authors suggest this as evidence that sweepstakes recruitment does not occur in this species; however, this lack of heterogeneity could also be due to the increased genetic diversity of multiply sired broods. Concomitant with increased genetic diversity, multiple paternity carries with it an increase in N E (Waples 1987 , Sugg & Chesser 1994 . Waples (1987) calculated that multiple paternity can almost double N E . Though a 2-fold difference may seem minor, when coupled with the large discrepancies between N C and N E (i.e. 3 to 4 orders of magnitude in Sebastes crameri and S. pinniger) this equates to a potential buffer against loss of genetic diversity of millions to 10s of millions of fish. For example, consider a species similar to S. pinniger with N E = 4694 and N C = 5 453 000 (GomezUchida 2006), doubling N E would result in the genetic diversity of this species being equal to that of a similar though monogamously mating species with N C = 10 906 000. Such a buffer should help recover and maintain genetic diversity during bottleneck (e.g. overfishing, severe environmental fluctuations, disease) and/or founding events. 
